





ABSTRACT

To determine whether resolution of smaller scales is necessary to
simulate large-scale ocean climate correctly, I examine results from a global
ocean GCM run with horizontal grid spacings spanning a range from coarse
resolutions traditionally used in climate modeling to nearly the highest
resolution attained with today’s computers. This work represents an
extension (to lower resolutions) of earlier studies by Semtner and Chervin.
The experiments include four cases employing 4°, 2°, 1° and 1/2° spacing in
latitude and longitude, which were run with minimal differences among
them, i.e., in a controlled experiment. Two additional cases—1/2° spacing
with a more scale-selective sub-gridscale mixing of heat and momentum, and
approximate 1/4° spacing—are also included. The 1/4° run resolves most of
the observed mesoscale eddy energy in the ocean.

Several artificial constraints on the model tend to minimize
differences among the different resolution cases. Nevertheless, for quantities
of interest to global climate studies the simulations show significant changes
as resolution increases. These changes generally but not always bring the
model into better agreement with observations. Differences are typically
more noticeable when comparing the 4° and 2° runs than when comparing
the 2° and 1° runs or the 1° and 1/2° runs. A reasonable conclusion to draw
for current studies with coupled ocean-atmosphere GCMs is that the ocean
grid spacing could be set to about 1° to accrue the benefits of enhanced
resolution without paying an excessively steep price in computer-time cost.

The model’s poleward heat transport at 1/2° grid spacing peaks at about
1x 1015 W in the Northern Hemisphere and 0.5 x 105> W in the Southern
Hemisphere. These values are significantly below observations, a problem
typical of ocean GCMs even when they are less constrained than in the
present study (e.g., when they are coupled to an interactive atmosphere). This
problem is alleviated somewhat in the 1/4° run. In this case, however, the
eddies resolved by the model generally act to counter rather than to reinforce
the heat transport of the mean flow; improved heat transport may result less
from enhanced resolution than from other changes made in this version of
the model, such as more accurate wind forcing.



RATIONALE

Climate simulations with general circulation models (GCMs) suffer
from a limitation inherent to any hydrodynamic calculation. To solve partial
differential equations on a computer, the fluid continuum must be sampled
at a finite number of points, typically a fixed grid. Convergence as resolution
is increased is difficult to attain or even test because the amount of computer
time required increases rapidly with resolution. The problem is especially
worrisome for horizontal resolution in ocean GCMs. Most kinetic energy in
ocean currents occurs at horizontal scales less than roughly 50 km, the size of
so-called mesoscale eddies (e.g., Figure 6 of Woods, 1985). Global ocean-
atmosphere GCMs, however, have typically operated with horizontal grid-
point spacings of several hundred kilometers. ,

_ This report describes how an ocean GCM behaves as a function of
horizontal resolution when used to simulate the present-day clirhate. The
model chosen for this study, developed by Semtner and Chervin (1988, 1992),
takes advantage of recent supercomputer technology to achieve the greatest
horizontal resolution attained to date for a model with global coverage. In
this study I compare Semtner and Chervin’s simulations, performed at 1/2°
grid spacing in latitude and longitude (1/2° x 1/2°), with simulations at three
lower resolutions: 1°x1°, 2° x 2° and 4° x 4°. The model runs for this
comparison were set up with minimal differences other than resolution, i.e.,
as a controlled experiment or, in terminology of the World Climate Research
Program, a “Level II intercomparison.” In addition I examine results from a
1/2° x 1/2° run with a different, more scale-selective parameterization of sub-
gridscale mixing, which allows more fine structure to develop, and I also
briefly examine results from a run with approximately 1/4° grid spacing
(Semtner and Chervin, 1993). These two additional runs were performed
separately by Semtner and Chervin, who generously provided the results.
The 1/4° run in particular is not easy to compare with the Level II runs
because of numerous changes made in the model in addition to resolution
(see next section). It does, however, give insight into the effects of mesoscale
eddies, because the 1/4° run captures essentially all of the eddy activity
observed by satellite altimetry.

The present study cannot conclusively determine whether the effects of
mesoscale eddies can be neglected (or parameterized) in large-scale climate
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simulations. For GCM climate studies focusing on large spatial scales,
however, the key practical question is how much benefit results from the
steep costs in computer time that are imposed by increasing a model’s
resolution (these increase by about a factor of 5 to 6 for each halving of
horizontal grid-point spacing for the Semtner-Chervin model when it is run
on modestly parallel supercomputers). Increasing resolution in the ocean
component must compete with a multitude of other computer-time demands
in coupled GCM work. These demands include fully exploring adjustable-
parameter and initial-condition space, increasing the length of simulations
and incorporating related components of the climate system such as the
carbon cycle. Accordingly, it is important to gauge how much an ocean
GCM's simulation of large-scale climate improves as horizontal resolution
increases. That is the principal goal of the present study.

RELATIONSHIP WITH OTHER OCEAN MODEL STUDIES

R. C. Malone and coworkers (personal communication) have recently
completed an additional run of the Semtner-Chervin model at about 1/6°
grid spacing, and additional ocean GCM studies of the effect of horizontal
resolution have employed equally high resolution. With the exception of the
work of Malone et al. (which is not yet completely analyzed), these studies
applied to limited domains, and they often employed unrealistic “box-like”
geometry for ocean basins and simplified the mechanism of thermohaline
circulation by replacing the two conserved variables, temperature and
salinity, with a single conserved variable, density (Bryan, 1991). The
resolutions employed in this prior work, together with resolutions used in
the ocean portion of typical coupled GCMs and in state-of-the-art regional
ocean GCMs, are compared in Figure 1 with the resolutions employed in the
present study.

Figure 1 locates models in the two-dimensional domain of horizontal
grid-point spacing and horizontal momentum diffusion coefficient or “eddy
viscosity” (Laplacian v2 or biharmonic vy; see below). The figure serves as a
reminder that one cannot change just resolution in a GCM, leaving all other
parameters unchanged. Any GCM must account for scales of circulation
smaller than the spacing of its grid points by means of sub-gridscale
parameterizations. In practice, the need for computational stability makes it
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impossible to coarsen the resolution of a large-scale fluid dynamics model
without increasing its sub-gridscale mixing (nor would it make physical sense
to leave this mixing unchanged, for what is “sub-gridscale” changes with grid
spacing). In the present study the parameterizations for sub-gridscale
horizontal mixing of both heat and momentum change with horizontal
resolution. Both are parameterized in the Semtner-Chervin model as down-
gradient Laplacian t"Fl} or biharmonic {?“}l diffusion in a horizontal plane.
The diffusion coefficients are spatially constant but increase with grid spacing.
Use of the more scale-selective biharmonic diffusion parameterization allows
resolution of some mesoscale eddies even at 1/2° x 1/2 resolution, mainly at
low latitudes (Semtner and Chervin, 1988, 1992). The large v4 values in the
two highest-resolution Semtner-Chervin runs were needed because of a
switch to unsmoothed topography (Semtner, private communication).

The figure shows that the Semtner-Chervin model spans the gap
between two traditional classes of ocean model: low-resolution, high-viscosity
ocean GCMs intended for climate studies, and high-resolution, low-viscosity
models that resolve mesoscale eddies. The latter include pioneering work
that resolved mesoscale eddies on a limited domain (Holland and Lin,
1975ab) and, recently, more realistic regional models as well as an extremely
high-resolution study by Boning and Budich (1992) which adds to the
information reviewed by Bryan (1991). The climate-oriented ocean GCMs
include the ocean component of an early coupled ocean-atmosphere GCM
(Bryan et al., 1975) and the ocean components of two coupled GCMs that
recently have been used for forecasts of global warming. The tendency over
nearly two decades of modeling work for the ocean components of coupled
GCMs to hover in the vicinity of 4° resolution is strikingly evident. The two
points representing recent coupled GCM work come from four models
surveyed by Gates et al. (1993). The other two models surveyed by Gates et al.
used different types of sub-gridscale parameterizations, which cannot be
plotted on Figure 1, but they also have horizontal grid-point spacing in the
range 3°-5°.

Laplacian diffusion of temperature, not shown in Figure 1,
accompanied Laplacian diffusion of momentum in this study. The coefficient
xz was set to 1 x 103 m? s-1 at 1/2° x 1/2° resolution (Semtner and Chervin,
1988) and increased linearly with grid spacing. As discussed below, the linear
increase rule gives values somewhat out of line with Laplacian diffusion
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coefficients used in typical climate-oriented models. Biharmonic diffusion of
temperature, with coefficient ay = -2.5 x 101! m# s-!, accompanied the 1/2° x
1/2% experiment with biharmonic momentum diffusion. (The values of xy
and v4 published by Semtner and Chervin (1988) were interchanged due to a
typographical error.) For the 1/4° run the sub-gridscale mixing of both
momentum and temperature was also biharmonic. The coefficient of
momentum mixing was as shown in Figure 1, and the coefficient of heat
mixing was -5 x 1011 m# s-1,

The 1/4" run incorporated many changes to the model in addition to
resolution. Prominent among these were use of “unsmoothed” topography
(which necessitated coefficients of heat and momentum mixing somewhat
larger than the 1/2°x 1/2° biharmonic-diffusion run), a free-surface as
opposed to rigid-lid upper boundary condition, elimination of “robust-
diagnostic” forcing in the deep ocean (see below), use of a more recent wind
stress data set and seasonal cycle as opposed to annual mean forcing. Also,
the grid-point spacing was no longer equal in latitude, but rather varied from
about 1/5% at the poleward boundaries to 2/5° at the Equator, with an average
of about 1/4°. Because of all these changes, results from the 1/4" run are not
easily compared with those of the other Semtner-Chervin model runs in
terms of the effect of resolution. Results from the 1/4° run are discussed only
near the end of this report to make a point about the role of mesoscale eddies
in ocean heat transport.

In all Semtner-Chervin model runs, vertical resolution and wertical
sub-gridscale mixing was the same as given in Seminer and Chervin (1988).
There were 20 levels, unequally spaced with greater vertical resolution near
the top and bottom of the model. GCM experiments indicate that this
number of vertical levels is adequate to resolve vertical overturning, at least
with 2° x 27 horizontal resolution (Weaver and Sarachik, 1990),

BOUNDARY CONDITIONS AND SPINUP PROCEDURE

With the exception of the 1/4° run, boundary conditions and spinup
procedure were exactly as specified by Semtner and Chervin (1988). The
model was forced by annual mean (but spatially varying) observed wvalues of
wind stress, temperature and salinity at the surface, and it similarly
constrained temperature and salinity near the poles. All model runs were
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brought to steady state by an acceleration procedure kmown as robust-
diagnostic forcing: each case began with zero current and horizontally
uniform temperature and salinity, and used artificial Newtonian-relaxation
terms in the salinity and thermal energy equations to push salinity and
temperature toward observed values. Observed values used in the robust-
diagnostic forcing entered at the same relatively coarse resolution in each
case. The robust-diagnostic forcing was gradually reduced as spinup
proceeded. Each run ended with a 10-year integration with no robust-
diagnostic forcing above 700 meters depth, but below this depth a three-year-
timescale relaxation remained. During the final year the rate of change of
kinetic energy was only about 1% of the work done by wind stress, indicating
that the integrations had reached steady state (Semtner and Chervin, 1985;
Covey, 1992). All results discussed below are averages over that final year,
except for the 1/4" run, for which a 3 2/3 year average is shown (thereby
introducing a slight bias in which some months in the seasonal cycle are
weighted more heavily than others).

Retention of robust-diagnostic forcing in the deep ocean places an
obvious limitation on the results of this study. However, as discussed below,
the main conclusions about the effects of resolution on ocean circulation do
not seem to be affected by this constraint (Washington et al., 1994).

OCEAN CIRCULATION

Figures 2-3 show the barotropic transport streamfunction in a
horizontal plane. This quantity is defined so that the difference between any
two isolines gives the vertically integrated volume transport between them,
with higher values to the right and lower values to the left of the flow
direction. Figure 2 shows the streamfunction for the four Laplacian-diffusion
cases. Here the streamfunction has been regridded to 4° x 4° in all cases and
smoothed with a five-point filter, in order to emphasize the largest scales of
circulation. All resolutions (as well as the biharmonic-diffusion cases, not
shown in Figure 2) exhibit familiar features of the observed large-scale
circulation: subtropical gyres—clockwise in the Northern Hemisphere,
counterclockwise in the Southern Hemisphere—together with an eastward-
flowing Antarctic Circumpolar Current. Two changes are apparent as
horizontal resolution is increased: a modest strengthening of the Kuroshio
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Current off Japan and a- significant strengthening of the Antarctic
Circumpolar Current. The salient large-scale result is the large difference
between the 4° x 4° results and any other case compared to smaller differences
among the 2°x2°,1°x 1° and 1/2° x 1/2° cases.

Examination of regional details of the streamfunction of course reveals
additional sensitivity to resolution. For example, Figure 3 shows this
function in the Gulf Stream region, this time displayed in the original grid-
point spacing of each case and not smoothed. Differences among the different
resolution cases are more striking. Especially noteworthy are development of
a tightly closed “recirculation” in the 1/2° x 1/2° cases and the appearance of
eddies in the 1/2° x 1/2° biharmonic-diffusion case (despite averaging over 1
year), both of which bring the model results into better agreement with
observations. . However, focusing on larger scales, the character of the
circulation varies more dramatically in passing from 4° to 2° grid spacing, or
from 2° to 1°, than from 1° to 1/2°.

Similar comments apply to the analogous longitude-integrated
“meridional overturning” streamfunction in a vertical plane, shown in
Figure 4 (here the sign convention has larger values to the left of flow
direction). At 4° x 4° resolution the overturning is dominated by sinking at
the southern boundary associated with a Southern Hemisphere thermally
direct circulation of magnitude ~50 x 106 m3 s'L. A much weaker counterpart
of this circulation is present in the Northern Hemisphere, and wind-driven
(Ekman-pumped) cells are present near the surface giving equatorial
upwelling and a Southern Hemisphere thermally indirect circulation. The
latter is sometimes called a “Deacon cell” (see, e.g., Bryan et al., 1988). As grid
spacing is reduced from 4° to 1°, sinking at the southern boundary nearly
vanishes as an expanded Deacon cell confines the formerly dominant
Southern Hemisphere thermally direct cell to abyssal depths. At the same
time the Northern Hemisphere thermally direct cell expands to ~15 x 106 m3
s71, about two-thirds the value observationally deduced for the real ocean’s
deep “conveyor belt” overturning circulation (Broecker, 1991). As grid
spacing is further reduced to 1/2°, and effective resolution further increased
by introduction of biharmonic diffusion, changes in meridional overturning
are much less dramatic. The most noticeable change at these higher
resolutions is a reduction in the deep Northern Hemisphere cell back to the
magnitude obtained at low resolution. However, the most obvious overall
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change in the simulations takes place as grid-point spacing is reduced from 4°
to 2°, when the egregiously large Southern Hemisphere cell is greatly
diminished.

Unfortunately little more can be said about the simulated meridional
overturning’s agreement with observations. For circulation in a horizontal
plane, however, more observations are available. Nearly global coverage at
large time and space scales is available for surface currents inferred from ship
drifts (Meehl, 1982). Though this data set suffers from systematic errors due
to the wind’s contribution to ship drifts, it is instructive to compare it with
model-simulated surface currents. As shown in Figure 5, even the 1/2°x 1/2°
biharmonic-diffusion run, which exhibits a relatively vigorous horizontal
circulation, has surface currents generally more sluggish than observed except
near the Equator (there a different problem is apparent: the simulated
currents in the Pacific are too divergent). The problem with the model’s
simulation may simply be that the “surface” current is actually taken at the
model’s uppermost level, at 25 meters depth. Considering the vertical
integral of horizontal circulation, Figure 6 gives flow through selected areas
(i.e., point values of the barotropic streamfunction shown in Figures 2-3)
where observations exist. Flow through the Drake Passage between South
America and Antarctica intensifies with increasing resolution and appears to
asymptote at nearly twice its observed value (Whitworth and Nowlin, 1987).
Flow in the Kuroshio current off Japan strengthens with increasing
resolution to its observed order of magnitude (Masuzawa, 1972, Figure 2),
while flow in the Gulf Stream remains below its observed value (Stommel,
1965, Figure 6; Krauss et al., 1990) for all resolutions studied. Southwestward
transport between Indonesia and Australia is near its observed value
(Godfrey, 1989; Macdonald, 1993) for all resolutions studied. It should be
noted that the “observations” are inferred for the most part from sparse
measurements of temperature and salinity together with an assumption of
geostrophic balance.

MERIDIONAL HEAT TRANSPORT
For climate studies the most important role of the ocean involves not

circulation per se, but the transport and storage of heat. In this study, which is
“confined to annual mean simulations of the present-day climate, the relevant
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quantity is heat exchanged horizontally. Figures 7-9 show the three
components that make up north-south heat transport: explicit advection by
the time-mean circulation, explicit advection by eddies, and mixing at scales
below the grid resolution. The components are defined as follows. Explicit
advection is proportional to north-south current velocity v and temperature
T, and divides into time-mean and eddy components according to
vI'=7TF +7vT", where the overbar denotes a time-mean and the prime denotes
departure from the time-mean. As noted above, horizontal sub-gridscale heat
transport is accomplished in this study by Laplacian or biharmonic diffusion:
a term x,V°T or x,V'T contributes to the rate of change of temperature,
Because V© is the divergence of the gradient operator and v =vi(vY),
x,V°T or xV'T implies diffusive heat transport proportional to the
horizontal gradient of T or of V2T, respectively.

Figure 7 shows the longitude- and depth-integrated north-south heat
transport due to explicit advection by the time-mean flow, for resolutions as
fine as 1/2°. Most of this part of the transport is due to the meridional
overturning circulation, with a smaller proportion associated with the
longitudinally asymmetric “gyre” circulation (Covey, 1992). The sign of the
transport is toward the Poles (down the gradient of temperature) at almost all
latitudes except in the higher-resolution runs. For these cases the transport is
toward the Equator at ~45°S. This latitude is approximately the location of the
thermally indirect Deacon Cell prominent at higher resolutions (Figure 4). In
addition to reversing the transport's direction at this latitude, increasing
resolution also decreases the magnitude of poleward heat transport in the
Southern Hemisphere north and south of the Deacon Cell. In the Northern
Hemisphere, there is much less effect of resolution on the heat transport due
to explicit advection by the time-mean flow.

Figure 8 shows the analogous contribution to heat transport by
explicitly simulated eddies. This component becomes significant only at the
highest resolutions and at low latitudes, because the scale of mesoscale eddies
is roughly the Rossby radius of deformation, inversely proportional to the
sine of latitude. As resolution is increased by passing from 1° to 1/2° grid
spacing, and again increased (in effect) in passing from Laplacian to
biharmonic diffusion in the 1/2° x1/2° case, the eddy heat transport that
builds up is directed almost entirely toward the Equator. This eddy transport



would counteract any tendency of time-mean circulation to increase poleward
heat transport as resolution is increased, in accord with the compensation
mechanism observed in simplified box-model studies (Bryan, 1991; Boning
and Budich, 1992). However, reference to Figure 7 shows that in the present
study, the time-mean circulation does not simply increase its poleward heat
transport as resolution is increased. Further insight into this matter comes
from eddy transports in the 1/4° run, which are discussed separately below.

Figure 9 shows the contribution of sub-gridscale heat mixing. This part
of the transport is of course down-gradient at all latitudes, which means
poleward for the most part, and it decreases in magnitude as resolution is
increased. For the biharmonic-diffusion 1/2° x 1/2° case, sub-gridscale mixing
of heat is utterly negligible compared with explicitly simulated advection. In
the other runs, which use Laplacian diffusion, sub-gridscale heat transport is
approximately proportional to grid spacing, because the equator-to-pole
distribution of ocean temperature (with a particularly sharp gradient in the
Southern Ocean) is relatively insensitive to resolution, while the coefficient
k7 increases linearly with grid spacing. In the middle latitudes of the
Southern Hemisphere, sub-gridscale mixing transports more heat than
explicitly simulated advection when grid spacing is larger than about 1°.
When grid spacing becomes as large as 4°—the resolution traditionally used
in coupled ocean-atmosphere GCM studies—sub-gridscale mixing becomes
responsible for at least as much heat transport as explicitly simulated
advection at most latitudes.

Figure 10 shows the combination of all heat transport terms for all
ocean basins, and for the Atlantic basin alone (Atlantic transports south of
35°S, the southern tip of Africa, are not shown because the basin is not closed
in this region). This figure includes results from the 1/4° run of the model in
addition to the 4°,2°, 1° and 1/2° runs discussed above. Leaving aside for the
moment the 1/4° results, the most prominent feature in Figure 10 is a
markedly greater sensitivity to resolution in the Southern Hemisphere than
in the Northern Hemisphere. In southern midlatitudes, as shown above,
total poleward heat transport is strongly dependent on the sub-gridscale
diffusion component, which is approximately proportional to grid spacing
through the coefficient k. The choice in this study to make x» proportional
to grid spacing is rather arbitrary; other choices could reduce the changes in
southern midlatitude heat transport as resolution is varied. For example,
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Meehl et al. (1982; see their Figure 7a) obtain from a 5° x 5° ocean GCM the
same unrealistically large magnitude of poleward heat transport in the
Southern midlatitudes as in the 4° case shown in Figure 10 (for the total over
all basins). Meehl et al. show that their heat transport can be reduced to more
reasonable values, however, by simply decreasing x» from 2 x 104 m?s"1 to 2 x
103 m?2 s71 without changing model resolution (see their Figure 9). Recall that
x2 used in the present 4° case is 8 x 103 m2 571, close to the value that gave
Meehl et al. their excessively large transport. However, the heat transport
summed over all basins also exhibits a strong resolution dependence at 0-10°S
due to the explicit advection term (Figure 7). The reason that heat transport
at 0-10°S maximizes at 2° X 2° resolution is unclear; the effect arises from the
gyre component (see Figure 11 of Covey, 1992). Turning attention to heat
transport in the Atlantic basin alone, there is again lack of convergence in the
Southern Hemisphere, though South Atlantic heat transport does improve
with increasing resolution, giving northward heat transport at most latitudes,
as is observed, for both 1/2° x1/2° cases. As in the total over all basins,
Atlantic convergence is most apparent in northern midlatitudes (aside from
the 1/4° case). This result demonstrates separate convergence in the Atlantic
and Pacific at these latitudes, as the Indian basin does not extend that far
north.

Also shown in Figure 10 are several sets of “observed” data points.
Most of these are not direct observations of the correlation of v and T, but
rather indirect estimates using the annual mean energy flux into or out of the
sea surface. This procedure involves considerable uncertainty (Gleckler,
1993), as is evidenced by the wide divergence of data points from different
investigators. Nevertheless there is a tendency for more recent studies to
obtain smaller magnitudes of ocean heat transport. Carissimo, Oort and
Vonder Haar (1985) deduced sea surface fluxes from (1) top-of-atmosphere
energy fluxes measured from satellites and (2) atmospheric energy transport
inferred from weather balloon data. Trenberth and Solomon (1994)
performed essentially the same calculation but used atmospheric data that
had been made dynamically consistent by “assimilation” in an atmospheric
GCM. Trenberth and Solomon’s heat transports agree both with those
obtained using more direct measurements of sea surface fluxes (e.g.,
Hastenrath, 1982) and with a reanalysis of the Carissimo et al. data set
(Savijdrvi, 1988), supporting earlier suggestions that the weather balloon data
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underestimates atmospheric heat transport and thus its use overestimates
ocean heat transport (Covey, 1988). However, even the smaller values of
observed ocean heat transport are generally a factor of two greater than the
model-simulated transports at 1/2° resolution.

Only at 1/4° resolution do the model-simulated transports approach
the observed values, and only then in the Northern Hemisphere. It might
seem that these results demonstrate a need to attain approximately 1/4°
resolution in order to resolve mesoscale eddies that boost poleward heat
transport up to observed values. Indeed, weak heat transport is a typical
problem in climate-oriented coarse-resolution ocean GCMs, including those
lacking robust-diagnostic forcing and coupled to atmosphere models (see
Figure 8 of Gates et al., 1993). However, for the 1/4° Semtner-Chervin model,
as in the case of earlier simplified ocean GCMs discussed above, the effect of
eddies is generally to transport heat equétorward, countering rather than
reinforcing the heat transport of the time-mean flow. Figure 11, explicitly
showing the time-mean and resolved-eddy contributions to 1/4° heat
transport, shows this effect quite dramatically. The low-latitude eddy
transport is not much different from its counterpart in the 1/2°x 1/2° case
with biharmonic diffusion (cf. Figure 8). Only at high latitudes is there a
weak reinforcement of the time-mean and eddy components; elsewhere they
are nearly mirror images of each other.

CONCLUSIONS

It must be kept in mind that differences among the four resolution
cases 4°x4°,2°x2° 1°x1° and 1/2° x 1/2° are artificially minimized. As
mentioned above, the deep ocean is pushed toward observed values of
temperature and salinity by nonphysical Newtonian relaxation terms added
to the conservation equations for heat and salt. An assessment of the effect of
this robust-diagnostic forcing on large-scale circulation simulated by an ocean
GCM is provided by the study of Toggweiler et al. (1989). From their Figure 4,
it appears that the main effect of robust-diagnostic terms is to diminish the
magnitude of overturning by up to one-third, but not to change locations of
deep water formation. If the effect is similar at different resolutions then it
should not present great difficulties in assessing convergence, or lack thereof,
in the “Level II” part of this study. Perhaps a more severe constraint is that
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the model’s boundary conditions essentially pin temperature and salinity to
observations at the sea surface, and at high latitudes (rather than explicitly
calculating sea ice behavior and bottom water formation). In any case, by
constraining temperature and salinity, the model places restrictions on how
much the geostrophic component of circulation can vary. To the extent that
surface and deep circulations are coupled, Newtonian forcing of the deep
ocean could even affect the surface currents. In the case of Semtner and
Chervin's model, however, recent work by Semtner and Chervin (1993) and
by Washington et al. (1994; see their Figure 6) shows that the circulations
presented in Figures 2-3 are not appreciably different when robust-diagnostic
forcing is removed and (in the case of Washington's study) the model is
integrated for a further 100 simulated years. Finally, because the surface
boundary condition on salinity fixes salt amount rather than freshwater flux,
salt transport cannot interact with heat transport through changes in surface
buoyancy.

Despite the foregoing constraints, there are important changes in the
simulated ocean climate as model resolution increases. The circulation in a
horizontal plane becomes more vigorous and typically (though not always)
agrees better with observations. In a vertical plane, meridional overturning
becomes more realistic by losing the egregiously strong Southern Hemisphere
cell present at 4° grid spacing; the magnitude of overturning at higher
resolutions is within a factor of two of the limited observational data. The
heat transport between the Equator and the Poles also shows improvement
with increasing resolution. Clearly excessive heat transport in the Southern
Hemisphere is eliminated when grid spacing drops below 2° (however, the
heat transport at higher resolutions seems too weak, even considering the
great uncertainty in observational data). Considering the present results as a
whole, changes in large-scale circulation and heat transport are more obvious
when grid spacing decreases from 4° to 2° to 1°—and especially between 4° to
2°—than when grid spacing decreases from 1° to 1/2° “Convergence” is too
strong a word to use to describe these results. Still, it is fair to say that there
are diminishing returns on the substantial computer time investment
required by very high resolution. A reasonable conclusion to draw for
current studies with coupled ocean-atmosphere GCMs is that the ocean grid
spacing might profitably be set at about 1° to accrue the benefits of higher-
than-traditional resolution without making the calculation intractable (e.g.,
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Washington et al., 1994).

Of course these comments apply only to the largest scales of circulation.
To simulate small scales the need for high resolution is obvious, and even
fairly large regional scales of climate may require high-resolution ocean
modeling for proper representation. For example, in a high-resolution model
currents could be stronger, but narrower, while transporting the same
amount of heat as in a lower resolution model. Thus high resolution in the
ocean might be needed for a coupled ocean-atmosphere GCM to adequately
represent land-sea contrasts near currents such as the Gulf Stream.

There remains also the question of mesoscale eddies. As noted above,
the highest-resolution run of the Semtner-Chervin model discussed in the
present study (~1/47), which exhibits sufficient eddy kinetic energy to match
satellite observations, shows the best agreement with heat transport
observations, but the enhanced poleward heat flow in this case seems to
appear despite rather than becauce of the eddies (and in any case it occurs only
in the Northern Hemisphere). Evidently the enhanced agreement with
observations is due to one of the many other changes made in the 1/4°
model, such as more accurate wind forcing. MNevertheless, when considered
together with results from simplified models with even higher resolutions
—e.g., 1/6° % 1/5° in latitude and longitude (Béning and Budich, 1992)—the
1/4" Semtner-Chervin results provide useful information. In both types of
model the appearance of mesoscale eddies at higher resolution counteracts
total poleward ocean heat transport by the mean flow. It would seem, then,
that including mesoscale eddies could not dramatically increase ocean heat
transport beyond the levels simulated in this study. However, it may be that
1/4° grid spacing is inadequate to fully resolve eddy effects despite its
agreement with observed eddy kinetic energy. The reinforcement in this case
of eddy and mean-flow heat transports at high latitudes (Figure 11), where the
eddy scale is smallest, is intriguing, as are results from a new sub-gridscale
parameterization of eddy heat transport (Gent and McWilliams, 1990), which
makes the peleward heat transport in a coarse-resolution ocean GCM agree
better with observations (Danabasoglu et al., 1994). Examination of the 1/6°
Semtner-Chervin results, when they are available, may illuminate the
situation. Only fully eddy-resolving calculations with global coverage—
eventually including climatic change as well as the steady state—can
unambiguously determine whether or not the effects of mesoscale eddies can

=13



be neglected or parameterized for the purpose of large-scale climate
simulation.
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Figure 3: Barotropic streamfunction for resolutions up to 1/2° € 127 in the Gulf Stream region.
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Figure 4: Zonally averaged meridional overturning streamfunction for resolutions up to 1/2° x
1/2°. Colors change at intervals of 4 x 108 m3 5”1 within the range -20 to 20 x 106 m3 51
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